A B S T R A C T
New bulk and molecular organic geochemical analyses of source rock and oil samples from Mongolia indicate the presence of lacustrinesourced petroleum systems in this frontier region. Samples of potential source rocks include carbonate, coal, and lacustrine-mudstone lithologies that range from Paleozoic to Mesozoic in age, and represent a variety of tectonic settings and depositional environments. Rock-Eval and total organic carbon data from these samples reflect generally high-quality source rocks, including both oil-and gas-prone kerogen types, mainly in the early stages of generation. Bulk geochemical and biomarker data indicate that Lower Cretaceous lacustrine mudstone found in core from the Zuunbayan field is the most likely source facies for the East Gobi basin of southeastern Mongolia. Oil and selected source rock samples from the Zuunbayan and Tsagan Els fields (both in the East Gobi basin) demonstrate geochemical characteristics consistent with nonmarine source environments and indicate strong evidence for algal input into fresh-to brackish-water source facies, including elevated concentrations of unusual hexacyclic and heptacyclic polyprenoids. Despite similarities between Zuunbayan and Tsagan Els oil samples, biomarker parameters suggest higher algal input in facies sourcing Zuunbayan oil compared to Tsagan Els oil. Tsagan Els oil samples are also generated by distinctly more mature source rocks than oil from the Zuunbayan field, based on sterane and hopane isomerization ratios.
and Sheng, 1992; Gao et al., 1997; Lin et al., 2001) . Comparatively little is known about related Mesozoic rift basins in Mongolia (specifically, the Tamtsag and East Gobi basins; Figure 1 ), where petroleum systems remain poorly understood and underexplored (Penttila, 1994; Sladen and Traynor, 2000) . Penttila (1994) estimated as much as 3-6 billion BOE recoverable hydrocarbon resources in Mongolia, although reserve calculations are difficult to constrain in this poorly known petroleum province. Petroleum production in Mongolia is currently limited to the East Gobi and Tamtsag basins (Figure 1 ), the latter hosting discoveries in 2001 totaling an estimated 1.5 billion bbl of oil in place (Soco International, 2001 ). Although historic discoveries in Mongolia generally have been modest, the potential for larger hydrocarbon accumulations exists by analogy to similar basins in China. These include the largest producing field in China, Daqing (production $1.0 million bbl/day; United States Department of Energy, 2001) , in addition to smaller accumulations in Erlian basin (e.g., Aershan field with estimated 100 million bbl reserves; Sladen and Traynor, 2000) .
The East Gobi basin shares several characteristics with late Mesozoic rift basins in China. These similarities include the age and depositional style of nonmarine basin fill, and northeast-southwest orientation of rift structures (Liu, 1986; Watson et al., 1987) . Rifting began during the Late Jurassic and continued through the Early Cretaceous, with widespread deposition of fluvial-lacustrine strata and periodic bimodal volcanic activity (Traynor and Sladen, 1995; Johnson et al., 2001) . Middle Cretaceous contraction and strike-slip faulting inverted the East Gobi basin along its margin, forming a regional angular unconformity overlapped by an Upper Cretaceous postrift sequence ( Figure 2 ) ). The total original thickness of synrift strata is not known because of erosion during the basin-inversion event, but more than 2.5 km of sedimentary and volcanic graben fill is still preserved in the subsurface of the East Gobi, based on proprietary seismic and well-log data (Johnson, 2002) and correlative outcrop studies .
Synrift strata form source, reservoir, and seal units in southeastern Mongolia, mainly in inversion-related structural traps (Figure 2) . In the East Gobi basin, the main source rocks appear to be lacustrine shales of the Lower Cretaceous Tsagantsav Formation (synrift sequence 3 of Graham et al., 2001) , based on previous geochemical studies of source rocks from southeastern Mongolia (Yamamoto et al., 1998) . This formation is widely distributed in eastern Mongolia and correlates to Lower Cretaceous lacustrine shale in the Nilga and Tamtsag basins as well (Badamgarav et al., 1995; Neves et al., 2000) . The overlying Zuunbayan Group (synrift sequence 4, Figure 2 ) is generally more sand rich, although fine-grained lacustrine units are also present (Jerzykiewicz and Russell, 1991) . Petroleum reservoirs mainly occur in fluvial to perilacustrine (deltaic) sandstone of the Lower Cretaceous strata (Johnson et al., 2000) and are commonly limited in quality by abundant lithic grains derived from synrift volcanic activity, in addition to associated porosityreducing zeolite cements. Particularly in Mongolia, outcropping synrift Figure 1 . Regional map showing general outlines of Mesozoic sedimentary basins of Mongolia (see inset maps for location of nearby Chinese basins, and detail of the Zuunbayan area). Basin outlines and names revised from Penttila (1994) and Steinshouer et al. (1999) . Source rock sample localities and Zuunbayan/Tsagan Els oil fields are shown. See Table fluvial -lacustrine facies have only recently been described in detail , and there remains almost no English-language published literature discussing subsurface data (Johnson, 2002) . The organic geochemistry database for Mongolian oil and source rocks is also limited. Sladen and Traynor (2000) reported Rock-Eval and total organic carbon (TOC) data from Paleozoic-Mesozoic source rocks, as well as oil data suggesting geochemical oil-source correlation to low-maturity Lower Cretaceous lacustrine mudstones in southeastern Mongolia, including combustible oil shales. Palynological evidence for green algae (including Botryococcus), and the presence of b-carotane in source rock extracts indicate algal input in slightly saline to freshwater lakes with anoxic bottom waters throughout the synrift sequences (Neves et al., 2000; Sladen and Traynor, 2000) . Yamamoto et al. (1993 Yamamoto et al. ( , 1998 ) also reported geochemical evidence for blooming autotrophic prokaryotes and thermal stratification of Cretaceous lakes with anoxic lake-bottom conditions in the East Gobi and Nilga basins. Similarly, dinoflagellate blooms signaling periods of high nutrient flux were common in lakes of the Tamtsag basin (Neves et al., 2000) and in China (Wang Renhou et al., 1996; Wan et al., 1997) during the Early Cretaceous. Most of these interpretations are based on spore/pollen analyses, Rock-Eval data, and whole-rock geochemistry, lacking detailed biomarker data.
The purpose of this study is twofold. First, we present the results of reconnaissance sampling of a range of source rocks from throughout Mongolia. Bulk geochemical analyses of this sample suite demonstrate the presence of a variety of potential source rocks, but strongly suggest that known occurrences of oil in southeastern Mongolia are sourced by Lower Cretaceous lacustrine mudstone. We investigate this correlation further in the second part of the study, by examining detailed sourcerock-to-oil relationships in the Tsagan Els and Zuunbayan fields of the East Gobi basin.
METHODS
Our database includes oil and source rock samples collected from 1992 to 2000 during fieldwork in Mongolia (Table 1) . Sample preparation and analyses were performed at several laboratories, although the majority of molecular data presented here were collected at Stanford University's Molecular Organic Geochemistry Laboratory. Source rock samples were evaluated by Rock-Eval and TOC analyses using standard procedures (Table 2) . For selected source rock samples, soluble bitumens were extracted from rock powders using a Soxhlet apparatus and a mixture of methanol and toluene solvents. Samples collected in 1992-1993 (sample numbers beginning with 92 or 93, Table 1 ), were extracted and analyzed using standard (nC 12 and higher) gas chromatography at ExxonMobil Upstream Research (formerly EPRC). Subsequently collected samples were extracted and analyzed by gas chromatography with flame ionization detection (GC-FID) at Stanford University using a Hewlett-Packard 5890A gas chromatograph. Other conventional organic geochemical analyses (stable carbon isotope, sulfur, wax, etc.) were completed at the Houston Advanced Research Center and at Stanford University.
All reported rock extracts and oil samples were separated by high-performance liquid chromatography (HPLC) into saturate and aromatic fractions at Stanford University, following procedures outlined by Peters and Moldowan (1993) . Saturate cuts were further prepared using molecular sieves (silicalite) to remove all of the n-alkanes and increase the signal of more diagnostic biomarkers. Saturate and aromatic fractions were analyzed on a Hewlett-Packard 5890 Series II-Trio 1 VG Masslab gas chromatograph-mass spectrometer (GCMS) system. A Hewlett-Packard 5890 Series IIMicromass Autospec Q hybrid GCMS system was used for further sterane analyses using MRM-GCMS (metastable reaction monitoring), in addition to scan runs for analysis of hexacyclic and heptacyclic cyclic polyprenoids.
SOURCE ROCK SAMPLE DESCRIPTION
More than 75 potential source rocks ranging in age from Riphean -Cambrian to Cretaceous, were sampled between 1992 and 1999. The source rocks are mainly from outcrops in Mongolia spanning some 800,000 km 2 of sampling area (Figure 1 ), but also include four subsurface core samples (ZB core, Table 1 ). Lithologies include shale, calcareous mudstone, coal, coaly mudstone, and carbonate (Table 2) . Ages are mainly based on published and unpublished mapping by Mongolian agencies
Figure 2. Overview of Mesozoic tectonostratigraphic units in southeastern Mongolia. Sequence-stratigraphic nomenclature of Traynor and Sladen (1995) , Graham et al. (2001), and Johnson (2002) are shown, along with interpreted tectonic settings and local formation names. The total thickness of preserved synrift deposits in the subsurface is approximately 2.5-3 km as estimated from seismic reflection profiles and velocity models.
(e.g., Yanshin, 1989; Badarch, 1999, personal communication) , in addition to spore/pollen analyses, vertebrate and invertebrate faunal assemblages, and
40
Ar/
39
Ar data where available (Jerzykiewicz and Russell, 1991; Graham et al., 2001) .
Our source rock sample suite encompasses a range of tectonostratigraphic units representing the geologically diverse history of Mongolia. The oldest samples are Riphean-Cambrian carbonates from northern Mongolia (MO and WH localities; Figure 1 ), which formed on carbonate platforms of the south-facing Siberian passive margin (megasequence 1 of Traynor and Sladen, 1995) . These rocks predate assembly of the presentday Mongolian basement, which occurred mainly during the Paleozoic through amalgamation of several volcanic arcs and related basins (Lamb and Badarch, 1997) . Carboniferous -Permian coal and coaly mudstone samples (TT, SJ localities) immediately postdate these Paleozoic collisions and represent the beginning of nonmarine deposition in central Mongolia (Traynor and Sladen, 1995; Amory, 1996) .
Triassic and Lower Jurassic samples from western, central, and southern Mongolia (samples NU, JL, CM, DZ, and SO) formed in lakes and swamps of foreland and intermontane basins associated with continuing collisions along the margins of central Asia (megasequence 3 of Traynor and Sladen, 1995; Hendrix et al., 2001; Sjostrom et al., 2001 ). In the East Gobi basin, a Lower to Middle Jurassic prerift section is represented by the Khamarkhavoor Formation (Figure 2 ), which includes thin coal seams and palustrine shale . Samples from this unit were not analyzed in the present study, but future analyses may address the potential for a Jurassic, prerift source in the East Gobi basin.
This period of early Mesozoic contractile tectonism ended with widespread uplift and erosion during the Middle Jurassic, followed by Late Jurassic-Early Cretaceous extension in eastern and southeastern Mongolia. Upper Mesozoic coal and lacustrine shale samples from the East Gobi and related basins are part of this intracontinental rift sequence (BT, NL, SH, TH, ZB, and UB samples). SH samples are from the type Shinhudag section outcropping in the Nilga basin, north of the East Gobi (Figure 1 ). The locality has more than 100 m of weathered marl and laminated mudstone, and is part of the Zuunbayan Group, a late synrift sequence (Lower Cretaceous; Badamgarav et al., 1995) . TH samples are from the synrift section deposited on
822
Geochemical Characteristics and Correlation of Oil and Nonmarine Source Rocks Badamgarav, 1992, personal communication) and include coal, organic-rich claystone, and sandstone. Abundant climbing ripples and soft-sediment deformation in the sandstone beds suggest they were deposited rapidly, possibly as crevasse splay deposits in a fluvial overbank or swamp setting (Farrell, 2001) . BT samples were collected from an openpit coal mine in the central Gobi basin. This coal is mapped as Cretaceous (Yanshin, 1989) , although no published age data are available. The NL samples are from an exhumed oil field that is presently being quarried for tar sand in the Nilga basin, about 200 km southeast of Ulaan Bataar. Source rock samples from this basin include laminated, organic-rich shale. ZB core samples are taken from conventional 6-cmdiameter core of the ZB-310b well in the southwest Zuunbayan field. Over 600 m of Lower Cretaceous fluvial-lacustrine facies comprise the Zuunbayan core . A 125-m-thick section of the core (unit 2, Figure 3 ) consists of finely laminated mudstone and micrite, dolomitic breccia, and calcareous siltstone (described in Johnson, 2002) . These finegrained units are interbedded with grainstone and thin, normally graded sandstone beds interpreted as distal lacustrine turbidites (Grabowski and Pevear, 1985) . This lacustrine sequence has been mapped in both the Zuunbayan and Tsagen Els subbasins based on well-log and seismic reflection character (A. Hall, 2000, personal communication) . Evidence for anoxic conditions at the lake bottom includes framboidal (biogenic) pyrite, high %TOC, dominance of light-colored amorphous organic constituents, carbonate precipitation, and a paucity of trace fossils relative to the rest of the core (Johnson, 2002 ). Abundant fish remain, possible algal cysts, and conchostrachan and ostracod valves attest to better oxygenation in the upper parts of the water column. The lower half of the lacustrine section (depths 605-550 m) is dominated by laminated micrite and dolomitic breccia units (thought to be subaqueously precipitated; Wolfbauer and Surdam, 1974; Johnson, 2002) , and generally lacks trace and invertebrate fossils. The upper section (544 -468-m depth) contains more of these fossils (mainly gastropods, ostracods, and conchostrachans) in poorly laminated calcareous siltstone, having local traction-current structures such as thin, normally graded, rippled beds. The lower section is interpreted as an anoxic lake-bottom sequence in a stratified lake, which includes samples ZB-1978 and ZB-1933 (Powell, 1986 . The upper half, which includes sample ZB-1740, appears to have better oxygenation resulting from more circulation at the lake bottom, representing a nonstratified lake or possibly more marginal facies (Powell, 1986) . Sample numbers represent depth below KB (4 m) in feet (converted to meters on Figure 3 ).
SOURCE ROCK BULK GEOCHEMISTRY
Rock-Eval pyrolysis indicates a suite of generally highquality source rocks (Table 2) , excluding the RiphaenCambrian strata. TOC ranges from 1.5 to 15% for shale and 40 to 75% for coal and coaly mudstone samples. More than 75% of the samples have S1 and S2 values greater than 0.5 and 10, respectively, also indicating good to very good quality source rocks (Peters, 1986) . Source rock maturities are mainly immature to middle oil window, although the Triassic -Jurassic NU and Permian TT samples approach peak oil window to overmature based on T max , PI, and R o values (Tables 2,  3 ; Peters and Moldowan, 1993) . HI-versus-OI values ( Figure 4 ) indicate dominantly type I and type II (oilprone) kerogen, but also include type III (gas-prone) kerogen in some of the lower Mesozoic coal samples (Tissot et al., 1974) . Visual maceral analysis confirms a range of oil-prone liptinite (from algal and waxy-plant debris) in the Triassic -Jurassic oil shales (NU samples), whereas gas-prone vitrinite and inertinite (type IV nongenerative kerogen of Demaison et al., 1983) dominate the coal samples (JL, CM, and DZ samples; Table 3 ). Gas chromatographic data were collected from whole-rock extracts for selected Mesozoic samples (Table 4) . Maximum n-alkane peaks are mainly between nC 15 -nC 25 ( Figure 5 ), show a rapid falloff of higher n-alkanes ( > nC 29 ), and a slight to pronounced odd-over-even preference, particularly in the Lower Cretaceous samples.
The source rocks form five main groups reflecting distinct ages, lithofacies, geographic distribution, kerogen type, and maturity (Table 5) . Lower Cretaceous rocks from central and southern Mongolia (group 1) include TOC values of 1.5-30% for mudstone and oil shale and greater than 45% for coaly samples. HIversus-OI ratios indicate variable kerogen type in group 1 (Figure 4 ) (Peters, 1986; Tissot et al., 1974) . SH and
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Geochemical Characteristics and Correlation of Oil and Nonmarine Source Rocks Table 3 ). T max values in group 1 range from 411 to 444 (Table 2) , indicating immature to early oil window maturity levels. PI values are consistent with this interpretation, ranging from 0.01 to 0.02 for most group 1 samples and slightly higher (0.03-0.06) for ZB and TH samples from the East Gobi basin. Similarly, a high carbon preference index for SH and TH outcrop samples is likely the result of lower thermal maturities in these outcrops along the basin margins ( Figure 6 ) (Peters and Moldowan, 1993) . Lower Mesozoic samples from central and western Mongolia consist of shale, coaly mudstone, and coal lithologies having TOC values ranging from 2 to 65%. These Triassic to Lower Jurassic samples form two groups distinguished by kerogen type and maturity ( Peters and Moldowan (1993) for discussion of analytical procedures. Locations are shown in Table 1 . Laboratories are denoted as follows: 1 = Petrobras; 2 = Houston Advanced Research Center; 3 = Humble; 4 = ExxonMobil Upstream Research; 5 = Core Laboratories. TOC = weight percent organic carbon; S1, S2 = milligrams of hydrocarbons/gram of rock; S3 = milligrams of carbon dioxide/gram of rock; T max = temperature (jC). HI = S2 Â 100/TOC; OI = S3 Â 100/TOC; PI = S1/(S1 + S2); S1/TOC = S1 Â 100/TOC. Table 3 ) and a modified Van Krevelen plot (type I highly liquid-prone field, Figure 4 ). Groups 2 and 3 are also distinguishable by maturity differences. Although T max values range from 421 to 437 in both groups, JL, CM, and DZ samples (group 2) have higher PI values than group 3 NU and SO samples (0.02 -0.06 versus 0.01 -0.02, respectively), indicating slightly higher maturity (early to peak oil window) in group 2. The lower Mesozoic samples are also distinguished by high pristane/ phytane ratios in the group 2 samples (Figure 6 ) relative to all other source rocks, indicating higher maturity and/ or more oxic environments (Peters and Moldowan, 1993) .
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Geochemical Characteristics and Correlation of Oil and Nonmarine Source Rocks Tissot et al., 1974; Demaison et al., 1983) , and are also likely mature (T max 429-441), although PI values are low.
This survey of bulk geochemical data indicates several additional prospective source rock groups in Mongolia, including several pre-Cretaceous units that could source undiscovered hydrocarbon accumulations. Lower Cretaceous organic-rich shale is widely distributed in and around the East Gobi basin both in outcrop and in the subsurface, whereas older (Paleozoiclower Mesozoic) source facies are mainly limited to central and western Mongolia (Figure 1 ; . One exception is the Lower to Middle Jurassic Khamarkhavoor Formation, which crops out only rarely in the East Gobi basin and may be analogous to lower Mesozoic lacustrine oil shale from Noyon Uul in southwestern Mongolia (Table 5 , group 3) (Hendrix et al., 1997; Graham et al., 2001 ). The Khamarkhavoor Formation was not sampled in this study, but it may constitute a prerift source (Figure 2 ). Lower Cretaceous source rocks of group 1 (Table 5) are generally interpreted as the main source of oil in the East Gobi basin (Yamamoto et al., 1993 (Yamamoto et al., , 1998 Traynor and Sladen, 1995; Sladen and Traynor, 2000) . Detailed biomarker analyses of select oil and source rock samples completed in the second part of this study confirm and further characterize this inferred correlation.
OIL GEOCHEMISTRY
Six Mongolian oil samples (including extracts from the ZB tar sand) were analyzed for bulk and molecular organic geochemistry. The Mongolian samples are from the Tsagan Els (TE samples) and Zuunbayan (ZB samples) fields, which are located on separate structures (about 25 km apart) in the Zuunbayan subbasin in southeastern Mongolia (Figure 1, inset) . Like most nonmarine, Mesozoic-sourced oil in the region, oil samples from the East Gobi basin tend to be waxy ($20 -30% paraffinic), having high pour points (10 -30jC; Table 6 ; Chen et al., 1994; Traynor and Sladen, 1995; Dou et al., 1998; A. Hall, 2000, personal communication) . Two oil samples from lacustrinesourced Early Cretaceous basins in China (Erlian and Johnson et al.
827 Figure 4 . HI versus OI (modified Van Krevelen) plot indicating hydrocarbongenerative types of source rocks (Peters, 1986) . Type I = highly oil prone, type II = oil prone, type III = gas prone. See Table  2 for data.
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Geochemical Characteristics and Correlation of Oil and Nonmarine Source Rocks Table 3 . Visual Kerogen Summary with % Organic Constituents Sample Daqing/Songliao) were included in the GCMS analyses for comparison (Figure 1) . The Erlian basin sample is from the Saihantala sag, and the Daqing sample is from the Yushuling oil field (Table 1) . Both oils are believed to have originated from Lower Cretaceous lacustrine units analogous to those in the East Gobi basin Dou et al., 1998 ).
Petroleum Source Facies Indicators
All oil samples show similar GC patterns, with the presence of high-molecular-weight n-alkanes indicating algal or higher plant input (Peters and Moldowan, 1993) , although the n-alkanes drop off in abundance after nC 23 (Figures 7, 8 belemnite]) isotope measurements of three oil samples from the two Mongolian fields yield similar ratios near À 31x (Table 7) , suggesting that a similar source rock for each of the Mongolian oil groups. Recycling of 13 Cdepleted carbon by organisms living in stratified lakes may cause these unusually negative values (Scholl et al., 1994) . Distinctions between the oil groups are indicated by differences in pristane/phytane ratios, which are slightly greater than 1 (1.1-1.7) for the Tsagan Els and Daqing oil samples and slightly lower (0.8-1.1) for the Zuunbayan and Erlian oil samples (Table 4) . Oil from the Zuunbayan field also tends to be less waxy, having a lower pour point than those at Tsagan Els (Table 6) , suggesting some variation in facies and/or maturity of source rocks. Conventional biomarker ratios (Appendix) are consistent with GC data, which suggest similar lacustrine source rock facies for the Mongolian oil accumulations. Prokaryote-derived hopanes are the most abundant biomarker group and are detected as major peaks even on sterane transitions (Figure 9 ), whereas
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Geochemical Characteristics and Correlation of Oil and Nonmarine Source Rocks (I -IV; oil to gas prone plus inert) GC data n/a Mature to overmature (gas window to nongenerative)
C 30 24-n-propylcholestanes are absent, consistent with a nonmarine source (Moldowan et al., 1990) . Indicators of salinity and/or water column stratification in the source facies include the presence of b-carotane, g-carotane, and gammacerane ( Figure 9 ; Appendix) (Fu et al., 1990) , which are notably higher in the Zuunbayan oil than the Tsagan Els oil. Several biomarker parameters suggest significant algal input to the source rock depositional environment. Ternary plots of C 27 , C 28 , and C 29 regular steranes and monoaromatic steroids (Figure 10 ) suggest a similar lacustrine source with algal input in Tsagan Els, Zuunbayan, and Erlian samples (the Daqing oil plots slightly out of this field with even higher C 27 sterane and steroids; Moldowan et al., 1985; Peters and Moldowan, 1993) (Figure 10 ). The C 26 steranes (24-norcholestanes) and related C 26 diasteranes (24-nordiacholestanes) are likely derived from diatom precursors (Moldowan et al., 1991; Holba et al., 1998a) . Their ratios to the nontaxa-specific C 26 steranes, 27-norcholestanes and 27-nordiacholestanes (NCR and NDR, respectively; Holba et al., 1998a; Appendix) , are in the low range of values expected for Lower Cretaceous, nonmarine-sourced oil and contrast with the higher values common in Tertiary nonmarine oil (e.g., Holba et al., 1998b , Ritts et al., 1999 . Although C 30 4-methyl steranes occur in both freshwater lacustrine and marine sediments, the presence of elevated
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Geochemical Characteristics and Correlation of Oil and Nonmarine Source Rocks Shirokov and Kopytchenko (1983) , in addition to previously unpublished industry data (A. Hall, 2001, personal communication) . Erlian basin oil data are from two oil samples described by Dou et al. (1998) in the Jirgalangtu depression. Daqing data is from Saertu pool samples reported by Yang (1985) . Figure 6 . Crossplot of pristine/phytane ratio versus carbon preference index (CPI-1, see Table 4 for calculation of this parameter). Ellipses show general source rock groupings discussed in the text. K1 = Lower Cretaceous; Tr-J = TriassicJurassic. See Table 1 for sample location and information.
4a-methyl-24-ethylcholestane suggests a strong affiliation with lacustrine sediments (Murray et al., 1994) . We also note the high relative abundance of C 30 dinosteranes (4a,23,24-trimethylcholestanes) and triaromatic dinosteroids, which is additional evidence for dinoflagellatealgae contribution in the source facies (Figure 11a , b) (Moldowan et al., 1996; . Zuunbayan and Tsagan Els oil samples also contain C 30 tetracyclic polyprenoids (TPP), which were recognized by Holba et al. (2000) as indicators of algal-rich,
Johnson et al.
833 Figure 7 . Gas chromatographs for whole-oil samples ZB-310b (a) and TE-A1 (b), showing similar fingerprints with higher pristine/phytane values relative to nC 17 for the Zuunbayan (ZB) oil.
fresh-to brackish-water lacustrine environments. The TPP ratio (Holba et al., 2000) , allied with other biomarker parameters, differentiates oil and source rocks from lacustrine, marine, and mixed depositional environments. Green algae commonly found in freshwater environments are presumed to be the dominant source of TPP (Holba et al., 2000) . The Zuunbayan and Tsagan Els oil samples plot in the Lacustrine I field, characteristic of Cretaceous or younger, algal-lacustrinesourced oil (Figure 11c ).
Although both groups of Mongolian oil (TE and ZB) overlap on regular and aromatic steroid ternary plots, certain parameters suggest derivation from slightly different source facies. The main difference in the two oil groups appears to be varying amounts of algal-derived biomarker indicators. In addition, the Zuunbayan samples have lower pristane/phytane ratios and lower n-alkane concentrations than the Tsagan Els samples. The Tsagan Els oil also contains lower but detectable amounts of b-carotane, gammacerane, triaromatic dinosteroids, and C 30 dinosteranes (Appendix; Figure 11 ). Tricyclic and tetracyclic terpane ratios, commonly used as correlation parameters (Peters and Moldowan, 1993) , also indicate distinct oil groups between the two fields ( Figure 12) . Thus, the lacustrine-sourced Mongolian oil samples show subtle source-facies variations, with greater algal and dinoflagellate input into the Zuunbayan oil source. These variations could reflect different lacustrine source intervals with varying degrees of algal input or lateral facies changes from offshore to marginal lacustrine environments.
Hexacyclic and Heptacyclic Polyprenoids
All of the Mongolian oil samples contain elevated concentrations of unusual hexacyclic and heptacyclic alkanes. These compounds are most abundant in the TE
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Geochemical Characteristics and Correlation of Oil and Nonmarine Source Rocks Figure 8 . Plot comparing normalized n-alkane distribution for Mongolian and Chinese oil samples showing similar patterns, with the presence of high-molecular weight n-alkanes indicating algal or higher plant input (Peters and Moldowan, 1993) . oil, where they form some of the largest peaks on the m/z 217 and TIC (total ion count) chromatograms in saturate fractions with n-alkanes removed (branched and cyclic fractions, Figure 9 ). Mass spectra from full-scan GCMS confirms that these are six-and seven-ring (as much as 40-carbon) polyprenoids ( Figure 13 ). These compounds have been observed in only a few previous studies, including the ostracod zone of the Western Canada sedimentary basin and the Aquitaine basin of France and northern Spain (Grosjean et al., 2000) . Cyclized polyaromatic polyprenoids presumed to be related to these saturated compounds are also found in aromatic fractions of the Eocene Messel shale in Germany (Poinsot et al., 1995) and in western Canada (Li et al., 1997) . Although little is known about the global occurrence of polyprenoids (Grosjean et al., 2000 (Grosjean et al., , 2001 , their abundance in these basins and association with abundant four-ringed polyprenoids (TPP) appear to indicate fresh-to brackish-water lacustrine source rock environments. Interestingly, source facies in the East Gobi, Western Canada, and Aquitaine basins are mainly Early Cretaceous or younger, suggesting the possibility of an age-sensitive biomarker. Li et al. (1996) reported at least three isotopically distinct groups based on d 13 C ratios of tri-, tetra-, and pentacyclic alkanes in extracts from western Canada, suggesting derivation from different groups of organisms or different biosynthetic pathways in a single group. Grosjean et al. (2000 Grosjean et al. ( , 2001 ) offered preliminary structural analysis of some of these isolated compounds, which also occur in the East Gobi oil ( Figure  13 ). Further isolation, structural characterization, and confirmation of these six-to seven-ring polyprenoids will help to elucidate their usefulness as source rock environmental indicators (work is in progress in collaboration with P. Albrecht et al., L'Université Louis Pasteur, Strasbourg). Although their biological precursor is unknown, these compounds represent a highly specific correlation tool that may represent a new class of biolipids (Grosjean et al, 2000 (Grosjean et al, , 2001 . The six-to seven-ring polyprenoid compounds have very late elution times (Figures 9, 13) , which may be undetected by some GCMS and MRM-GCMS time-temperature protocols not optimized for their detection. Our preliminary analyses of two oil samples from the Erlian and Songliao basins did not reveal these compounds, but further organic geochemical studies of other Early Cretaceous lacustrine basins in the China -Mongolia border zone specifically targeted toward these polycyclic polyprenoids may reveal additional information about their distribution, origin, and chemical structure.
Maturity Indicators
Biomarker parameters also suggest differences in maturity between the Zuunbayan and Tsagan Els oil samples. Several sterane and terpane isomerization parameters (including C 29 sterane aaa20S/20R, C 31 homohopane (S/R), Ts/Tm, and moretane indices) consistently indicate that TE oil is more mature than the ZB oil (Figure 14) . Likewise, the Erlian and Daqing samples appear to originate from more mature source rocks than the Zuunbayan oil, with Erlian showing similar groupings to the Tsagan Els samples and Daqing generally plotting on its own. These differences suggest at least two oil-generating source rock maturities, reflecting either different source rock intervals or two periods of oil generation. The Zuunbayan field lies adjacent to a major strike-slip fault active since at least the Late Cretaceous, whereas the Tsagan Els field occupies a midbasin position several kilometers away from this fault. Thus, higher maturity in the Tsagan Els oil could be the result of deeper burial away from this structure. Alternatively, as discussed previously, the differences in both maturity and facies parameters between Zuunbayan and Tsagan Els oil groups suggest that they could originate from different lacustrine intervals with separate thermal histories.
OIL -SOURCE ROCK CORRELATION
Biomarker analyses were completed to facilitate oilsource rock correlation of selected source rocks from the East Gobi region (SH, TH, and ZB samples; Figure  1 ). Lower Cretaceous samples were selected as the main focus of this study based on their widespread distribution in the East Gobi basin, bulk geochemical parameters indicating a possible oil-source correlation ( Figure  4 ; Table 5 ), and previous work Yamamoto et al., 1993; Traynor and Sladen, 1995; Dou et al., 1998; Sladen and Traynor, 2000) suggesting that synrift lacustrine facies are the main source units in late Mesozoic basins of China and Mongolia.
SH and TH samples are too immature (e.g., Figure  14b ) for meaningful correlation tests using most biomarker parameters. However, SH samples are unlikely to be related to the Mongolian oils because of their significantly less negative d
13
C isotope values (Table 7) . Pyrolysis experiments were attempted to model behavior of these rocks at increased maturity, but these failed to produce a convincing correlation. Based on d
C isotope ratios, samples from the Zuunbayan core
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835 (Table 7) provided a much more convincing link with the Zuunbayan and Tsagan Els oil groups. Two of the three Zuunbayan core samples (ZB-1740 (ZB- , 1978 are relatively immature (Figure 14) , whereas sample ZB-1933 consistently plots close to the Zuunbayan oil using a variety of independent sterane and terpane isomerization ratios (Figure 14 ; Appendix, ratios B, C, D, G, O, and P). Because sample ZB-1933 is bracketed by the other two samples in depth (Table 2) , it is not expected to have an anomalously high maturity level. Sample
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837 Figure 10 . Holba et al. (2000) . The Mongolian oil and core source rock samples have similarly high TPP ratios, and plot in the Lacustrine I field characteristic of oils derived from Cretaceous or younger, algal-rich source rocks (Holba et al., 2000) . See Appendix for ratio calculations.
ZB-1933 also has a lower T max value (indicating more labile carbon), twice %TOC, and much larger S1, S2, and production index values compared to the other two ZB core samples (Table 2) . We interpret this as evidence for minor contamination by oil migration in this sample. Two samples from the laminated mudstone facies of the Zuunbayan core (ZB-1978 and ZB-1933) contain higher biomarker ratios reflecting dinosterol derivatives and indicate more dinoflagellate input relative to sample ZB-1740 (Figure 11a, b) . Tsagan Els oil samples plot closer to the ZB-1740 core sample as well, suggesting a possible correlation between the TE oil and facies with less algal input. Based on tetracyclic polyprenoid ratios versus an algal-terrigenous sterane ratio, both oil groups and the ZB core samples plot together in the ''Lacustrine I'' field, which is characteristic of algal-rich, Cretaceous or younger samples (Figure 11c , Holba et al., 2000) . Perhaps the best evidence for rock-oil correlation between the Zuunbayan lacustrine core facies and the Tsagan Els/Zuunbayan oil groups is the presence of unusual six-and seven-ring polycyclic polyprenoid compounds in both core and oil samples. The cyclized alkanes were not found in any other source rock samples and likely represent a highly specific correlation tool.
CONCLUSIONS
Outcrop samples from Mongolia reveal numerous highquality potential source rocks ranging from Paleozoic to Mesozoic in age. The extent to which pre-Cretaceous rocks may source unrecognized petroleum systems in central and western Mongolia is poorly understood. Our data indicate that currently exploited hydrocarbon accumulations in the East Gobi basin most likely originated from Lower Cretaceous lacustrine facies, as reported for neighboring basins in China (Yang, 1985; Dou, 1997) . Stratigraphic evidence indicates longlived lacustrine systems throughout the rifting phase (more than 30 m.y.) in the China -Mongolia border region (Lin et al., 2001; Sladen and Traynor, 2000) . Based on core samples from the Zuunbayan field, these lakes contained fresh-to brackish-water bodies that repeatedly expanded and contracted during rifting . Lake margin shifts may also have been linked to periods of thermal stratification and anoxic lake-bottom conditions alternating with periods of better oxygenation and mixing of the water column, which could account for source facies variation indicated by geochemical parameters discussed in this study.
Bulk geochemistry, isotope, and biomarker data for oil from the East Gobi basin support the link to Lower Cretaceous lacustrine source facies. The oil samples show a predominance of hopanes over steranes. In addition, terpane and sterane parameters (including a lack of C 30 4-desmethyl steranes and lower abundances of C 28 [relative to C 27 and C 29 ] regular steranes and monoaromatic steroids) suggest a link to a terrigenous source. Hypersaline indicators, such as high gammacerane/hopane and C 34 or C 35 homohopane/hopane ratios, are not present. Dinoflagellate-derived dinosteroid and aromatic dinosteroid parameters also point to significant algal influence, as well as bacteria-derived hopanes and minor higher plant input. In addition to standard biomarker parameters, oil and source rocks from the East Gobi basin contain unusually high concentrations of six-and sevenring cyclized alkanes. These polyprenoid compounds occur in only a few nonmarine basins worldwide, where they are thought to indicate fresh-to brackish-water lacustrine deposition Grosjean et al., 2000) .
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Geochemical Characteristics and Correlation of Oil and Nonmarine Source Rocks Figure 13 . (a) Mass chromatogram from GCMS-MS scan run of polyprenoid compounds of oil sample TE-A1. Regular polyprenoids (no demethylation on ring system) are signified by two numbers: the number of carbon atoms/number of rings (e.g., 34/6 = 34 carbons, 6 rings). Structures missing methyl groups on their ring system are additionally signified by a '' .'' (b, c) Mass spectra for peaks 1 and 2 (labeled in [a], respectively), showing molecular ions of each peak. Structures were identified by Grosjean et al. (2000) , for the same compounds in an oil sample from Spain.
Although the oil samples we analyzed appear to originate from a similar nonmarine source rock type, they form two distinct groups based on both maturity and source parameters. Oil from the Zuunbayan field has higher concentrations of b-carotane and dinoflagellatederived dinosteranes, indicating more algal input to its source facies compared to that from Tsagan Els oil. Tsagan Els oil correlates well with ZB-1740, a core sample thought to have formed in more oxygenated water conditions than the laminated micrite (ZB-1933 and ZB-1978) , which correlate well with the Zuunbayan oil. Thus, subtle facies differences resulting from different water chemistry resulted in distinct oil groups as defined by biomarker parameters. These facies distinctions may reflect separate source units, or lateral facies variations in a single source unit.
Tsagan Els oil was generated at higher maturity than the Zuunbayan oil, as indicated by sterane and hopane isomerization parameters. Burial history in the East Gobi subbasins is obscured by activity along the Zuunbayan fault, a major basin-partitioning strike-slip fault which is nonetheless poorly constrained in terms of timing and magnitude of offset Johnson, 2002) . Independent thermal histories between the Zuunbayan and Tsagan Els fields may result from differential burial of a given source unit along this fault (including lateral facies transitions), or could reflect entirely unique source units having similar geochemical signatures.
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841 Figure 14 . n/a n/a n/a n/a 0. n/a n/a n/a n/a n/a n/a 93-ZB-103 28.92 22.36 48.72 0.33 0.24 n/a n/a n/a n/a n/a n/a 93-ZB-204 27.85 22.20 49.95 0.35 0.26 n/a n/a n/a n/a n/a n/a ER-1848 34.25 14.86 50.89 0.48 0.46 n/a n/a n/a n/a n/a n/a DQ-2198 52.18 15.67 32.15 0.57 0.64 n/a n/a n/a n/a n/a n/a Source Rock Samples 97-SH-4 17.98 23.47 58.55 0.05 0.00 0.68 0.21 n/a n/a n/a n/a 97-SH-9 38.45 25.38 36.17 0.04 0.00 0.50 0.08 n/a n/a n/a n/a 97-SH-13 36.85 9.75 53.41 0.00 0.00 0.00 n/a n/a n/a n/a n/a 97-TH-316 60.27 13.28 26.45 0.01 0.00 0.86 0.31 n/a n/a n/a n/a Key to Appendix*
